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Abstract : 
This work is part of the ANR DIP² which aims at the intensification of a controlled/ "living" radical 
polymerization process for the production of architecture controlled (co)polymers. The PI (Process 
Intensification) method relies on the use of continuous flow Coiled Flow Inverters (CFI) as reactors which 
are recently found to be extremely efficient mixers/ heat exchangers. In this work, the numerical modeling of 
the flow, mixing and reactions between co-polymers leading to desired polymer in CFI as micro-reactor is 
being done. Various parameters like reactor geometry, mixing condition of feed to reactor and diffusivity 
coefficient of chemical species are varied and their effects are observed in simulations. Different parameters 
like monomer conversion (XM), number-average degree of polymerization (DPn) and polydispersity index 
(PDI) are also simulated. The formulation of equations for modeling chemical reactions is validated against 
the analytical solution obtained for fully mix, isothermal batch reactor during this work. The simulation 
results are validated with the data published so far under similar conditions. The results of current work 
clearly established the importance of complete mixing on the parameters like XM, DPn, PDI and thus the 
quality control of product. CFI is also proven to be better overall than straight tube reactor (STR) for 
controlling the quality of product.  
In this work, we use CFD with chemical reaction in order to numerically study free radical and free radical 
controlled/” living”  polymerization reactions in micro-scale reactors. The purpose of this study is to improve 
the modeling to such an extent so as to numerically model, study and scale-up this design to the pilot plant 
level successfully. 
Mots clefs : Coiled flow inver ter , numer ical simulation, polymer ization, scalar  
transpor t technique, transpor t processes. 
Introduction 
Microfluidic devices are gaining importance as mixers, heat exchangers and now as reactors due to less 
molar concentration gradients and thermal gradients throughout their cross section and also due to fewer 
inventories of reagents used in them. This makes them safer and more manageable from process safety and 
operation point of view. So a good mathematical modeling of chemical reactions like polymerization inside 
such devices can help vastly to design and evaluate various microfluidic devices and thus can help 
tremendously to evolve better, safer and more economical design in today’s world where various resources 
and energy are getting costlier and environmental concern (need for green technology) is increasing day by 
day. This work intends to extend and improve such mathematical modeling of previous work done by 
Mandal et al [1]. First of all, an analytical solution of mathematical model of chemical reactions for fully 
mixed, isothermal batch reactor is obtained and then it is used for the validation of simulations under similar 
conditions. A new way of transformations leading to same transformation given by Zhu [3] is introduced 
thus bypassing the various problems encountered earlier by Mandal et al [1] during converting data from 
molar form to mass form as required by the CFD software CFD-ACE+.  Also, effect of fully pre-mix feed to 
both the reactors i.e. CFI and STR is also simulated to assess the importance of mixing as well as evaluating 
the performance of CFI over STR in such conditions. The effect of diffusivity coefficient of chemical species 
varying from 3×10−12 to 1×10−8 m2/s is also simulated which is wider in range compared to work of Mandal 
et al [1] where it varied from 3×10−11 to 1×10−9 m2/s.   
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Mandal et al [1] had numerically simulated the mechanism of free radical polymerization of 30% solvent 
diluted styrene monomer in straight tube micro-reactor (STR). They validated their work against the work of 
Serra et al [2] under the similar process conditions for STR. Then they extend their work to a novel coiled 
flow inverter (CFI) micro-reactor. Results for both the reactors were compared under identical reactor 
dimensions (Diameter = 0.001 m, Length = 1.252 m) and process conditions. Mandal et al [1] simulated only 
unmixed feed at the entrance of both the reactors. In current work, fully mixed feed at the reactor (STR & 
CFI) inlet has also been simulated. 
The mathematical model of chemical reactions is solved analytically for the case of completely mix, 
isothermal batch reactor which is equivalent to ideal plug flow reactor. This result is used to validate the 
simulation results under similar conditions thus imparting more authenticity and confidence to the work. 
Numer ical Model  
The same mathematical model of the problem is taken as by Mandal et al [1] under identical reactor 
dimensions and process conditions for the case of STR and CFI. Different values of diffusion coefficients 
have been taken varying from 3×10−12 to 1×10−8 m2/s. Same geometry, meshing and grid is used as used by 
Mandal et al [1] in their work on STR and CFI as given in Fig.1. STR is modeled as semi-circular cylinder 
due to radial symmetry. Operating conditions of the process system is given in Table 1. 
 
FIG.1 – a) Coordinate system, b) coiled tube, c) coiled ﬂow inverter (adopted from Mandal et al [1]) 
 
Wall temperature (K) 343 
Chemical species diff. Coeff. (m2/s) 3×10−12 to 1×10−8 
Fluid density (kg/m3) 1×103 
Fluid viscosity (Pa.s) 1×10−3 
Fluid velocity (m/s) 2.9×10−5 
TABLE.1 – Operating Conditions 
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The mathematical model consists of conservation of mass (equation of continuity), conservation of 
momentum (Navier-Stokes equation), conservation of energy (thermal convection-conduction equation), and 
conservation of chemical species (chemical species convection-diffusion equation) which are as follows: 
∇u = 0             (1) 
ρ
∂u
∂t + ρ(u∇)u = −∇p + ∇�μ[∇u + (∇u)T]�     (2) 
ρCp ∂T∂t + ∇(−k∇T) = Q − ρCpu∇T      (3) 
∂Ci
∂t + ∇(−Di∇Ci + Ciu) = Ri        (4) 
Where u represents the velocity vector, ρ is the fluid density assumed constant, p is the pressure, μ is the 
fluid viscosity assumed constant, T is the temperature, Cp is the fluid specific heat capacity assumed 
constant, k is the thermal conductivity assumed constant, Q is the heat source per unit volume, Di is the 
diffusion coefficient of species i assumed constant for a given simulation, Ci is the concentration of species i 
and Ri the rate of production of species i. The above equations have been solved by using the commercial 
package CFD-ACE+ in this work.  
The no-slip boundary conditions for the velocities i.e., ui =  0, and the zero derivative conditions for the 
scalars (species i) were imposed on the solid wall implying the zero flux of scalars through the wall. The 
fluids considered in the study were assumed to have constant properties. The wall of the pipe was maintained 
at constant temperature (isothermal condition). The numerical computation was considered to be converged 
by Mandal et al [1] when the residual summed over all the computational nodes at nth iteration,
nRφ  satisfies 
the following criterion: 
nRφ /
mRφ ≤ 10−6, where 
mRφ denotes the maximum residual value of φ  variable after m 
iterations, φ  applied for p, ui, and scalars. This convergence criterion has been changed to the visible 
criterion of flatness where all the residuals eventually become constant. This has resulted in the minimum 
ratio of 
nRφ /
mRφ ≤ 10−7 in addition to ensuring no further change in the results with further iterations. 
The detailed kinetic scheme for the mechanism of styrene free radical polymerization has been adopted from 
Serra et al [2]. The equations are solved analytically for the case of fully mixed, isothermal batch reactor. 
The equations after integration are as follows. 
𝐶𝐶𝐼𝐼 = 𝐶𝐶𝐼𝐼𝐼𝐼𝑒𝑒−𝑘𝑘𝑑𝑑𝑡𝑡          (5) 
𝐶𝐶𝑀𝑀 = 𝐶𝐶𝑀𝑀𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒�−𝐵𝐵(1 − 𝑦𝑦)�         (6) 
𝜇𝜇0 = 𝑓𝑓(𝐶𝐶𝐼𝐼𝐼𝐼 − 𝐶𝐶𝐼𝐼) = 𝑓𝑓𝐶𝐶𝐼𝐼𝐼𝐼�1 − 𝑒𝑒−𝑘𝑘𝑑𝑑𝑡𝑡�       (7) 
𝜇𝜇1 = 𝐶𝐶𝑀𝑀𝐼𝐼 − 𝐶𝐶𝑀𝑀 = 𝐶𝐶𝑀𝑀𝐼𝐼 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐵𝐵(1 − 𝑦𝑦)��     (8) 
𝜇𝜇2 = 𝐷𝐷 ��∑ 𝐶𝐶𝑛𝑛𝑛𝑛 .𝑛𝑛 !∞𝑛𝑛=1 − ∑ (𝐶𝐶𝑦𝑦)𝑛𝑛𝑛𝑛 .𝑛𝑛 !∞𝑛𝑛=1 � − ln⁡(𝑦𝑦)�      (9) 
𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒     𝐵𝐵 =  �8𝑓𝑓𝐶𝐶𝐼𝐼𝐼𝐼 𝑘𝑘𝑒𝑒2
𝑘𝑘𝑡𝑡𝑡𝑡 𝑘𝑘𝑑𝑑
,    𝐶𝐶 = 2𝐵𝐵,   𝐷𝐷 = 6𝑘𝑘𝑒𝑒2𝐶𝐶𝑀𝑀𝐼𝐼2
𝑘𝑘𝑡𝑡𝑡𝑡 𝑘𝑘𝑑𝑑𝐹𝐹
,   𝐹𝐹 = 𝑒𝑒𝐶𝐶 ,    𝑦𝑦 = 𝑒𝑒−𝑘𝑘𝑑𝑑𝑡𝑡2    
Where CIo,CMo are initial concentration (mol/l) and CI ,CM are concentration at any time t of initiator and 
monomer respt., f is initiator efficiency, kx are various kinetic coefficients (dissociation, propagation and 
termination), μ0, μ1, μ2 are zeroth, first and second order moment of the number chain length distribution of 
the dead polymers.  
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There were some problems with the actual implementation of mathematical model into the current CFD 
solver CFD-ACE+ as it requires the data to be fed in mass form rather than in existing molar form of the 
chemical kinetic data. Although Zhu [3] transformation renders the reaction equations dimensionless in 
terms of species concentration but still there were conceptual doubts over the appropriate conversion from 
molar to mass form of the data fed to the solver, its processing and finally, on the results based on it. A new 
transformation is applied in the current work which makes the transformation more logical and simple and it 
easily bypasses the above mentioned problems. It helps to retain the actual form of data in molar format thus 
ensuring the correctness of the results obtained and prevents any introduction of unnecessary errors while 
converting molar data into mass format. Besides this, the new transformation actually leads to the same 
transformation as given by Zhu [3], thus ensuring the correctness of the transformation. The transformation 
in current work is given below. The terms with prime (‘) over them are dimensionless in term of 
concentration- the objective of transformation. 
𝐶𝐶𝐼𝐼
′ = 𝐶𝐶𝐼𝐼
𝐶𝐶𝐼𝐼𝐼𝐼
,     𝐶𝐶𝑀𝑀′ = 𝐶𝐶𝑀𝑀𝐶𝐶𝑀𝑀𝐼𝐼           (10) 
𝑘𝑘𝑑𝑑
′ = 𝑘𝑘𝑑𝑑 ,   𝑘𝑘𝑒𝑒′ = 𝑘𝑘𝑒𝑒�𝐶𝐶𝑀𝑀𝐼𝐼𝐶𝐶𝐼𝐼𝐼𝐼 ,    𝑘𝑘𝑡𝑡𝑡𝑡′ = 𝑘𝑘𝑡𝑡𝑡𝑡𝐶𝐶𝑀𝑀𝐼𝐼       (11)    
Using this basic transformation, following parameters can also be transformed dimensionless: 
𝜆𝜆𝐼𝐼
′ = �2𝑘𝑘𝑑𝑑′ 𝑓𝑓𝐶𝐶𝐼𝐼′
𝑘𝑘𝑡𝑡𝑡𝑡
′ = �2𝑘𝑘𝑑𝑑𝑓𝑓𝐶𝐶𝐼𝐼𝑘𝑘𝑡𝑡𝑡𝑡 ∗ 1�𝐶𝐶𝑀𝑀𝐼𝐼 𝐶𝐶𝐼𝐼𝐼𝐼 = 𝜆𝜆𝐼𝐼�𝐶𝐶𝑀𝑀𝐼𝐼 𝐶𝐶𝐼𝐼𝐼𝐼         (12) 
𝐿𝐿′ = 𝑘𝑘𝑒𝑒′ 𝜆𝜆𝐼𝐼′ 𝐶𝐶𝑀𝑀′2𝑘𝑘𝑑𝑑′ 𝑓𝑓𝐶𝐶𝐼𝐼′ = 𝑘𝑘𝑒𝑒𝜆𝜆𝐼𝐼𝐶𝐶𝑀𝑀2𝑘𝑘𝑑𝑑𝑓𝑓𝐶𝐶𝐼𝐼 ∗ � 𝐶𝐶𝐼𝐼𝐼𝐼𝐶𝐶𝑀𝑀𝐼𝐼 � = 𝐿𝐿 � 𝐶𝐶𝐼𝐼𝐼𝐼𝐶𝐶𝑀𝑀𝐼𝐼 �         (13) 
Where λo is zeroth order moment of living polymer number chain length distribution and L is kinetic chain 
length.  
This transformation results in the same form of equations as used in actual molar form with the only 
difference that the all the terms are dimensionless in terms of concentration. This gives additional benefit of 
implementing the exact and same form of equations in the solver without worrying about the conversion 
from mole to mass form. PDI and DPn, as defined by Serra et al [2], can be calculated as: 
𝑃𝑃𝐷𝐷𝐼𝐼 = 𝜇𝜇0𝜇𝜇2
𝜇𝜇12 = 𝜇𝜇0′ 𝜇𝜇2′𝜇𝜇1′2           (14) 
𝐷𝐷𝑃𝑃𝑛𝑛 = 𝜇𝜇1𝜇𝜇2 = 𝜇𝜇1′𝜇𝜇2′ �𝐶𝐶𝑀𝑀𝐼𝐼𝐶𝐶𝐼𝐼𝐼𝐼 �          (15) 
Where μ0’, μ1’, μ2’ are dimensionless in terms of concentration. 
First Results 
The equations 5-9 in analytical solution are solved in normalised form (dimensionless in terms of 
concentration) rendering them more useful for analysis. The total time t is 12 hrs (43200 s.) with timestep as 
1 s. The results are given in graphical form in Fig.2(a). After this, fully mix, isothermal batch reactor was 
simulated in CFD-ACE+ using the above transformations (eqn.10-13). The numerical results were found to 
be in exact agreement with the analytical one thus validating the transformation as well as the formulation of 
the equations in the modeling in the software. This was not done earlier by Mandal et al [1]. 
After this, completely pre-mix and unmix feed to reactor cases were modeled separately for both the CFI and 
STR while taking different values for diffusivity coefficient varying from 3×10−12 to 1×10−8 m2/s. The results 
for XM, PDI & DPn are shown in Fig.2(b), (c), (d) respectively.  
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2(c)        2(d) 
 
FIG.2 (a) – Normalised graphs of analytical eqn. 5-9 for t = 0 to t = 43200 s. (b) monomer conversion vs 
diffusivity coefficient, (c) PDI vs diffusivity coefficient, (d) DPn vs diffusivity coefficient for both CFI and 
STR with both the cases of completely pre-mix (mix) feed and unmix feed to reactor inlet. 
Monomer conversion (Fig.2(b)) is higher in case of pre-mix feed as compared to unmix feed in both CFI and 
STR establishing mixing importance. Also, the decrease in XM with the decrease in diffusivity coefficient is 
slower in case of pre-mix feed as compared to unmix feed thus improving the control of process. Striking 
impact of mixing with varying diffusivity coefficient is visible in case of PDI (Fig.2(c)). Decrease in 
diffusivity coefficient has almost no impact on PDI which remains at lower and constant value for the case of 
pre-mix feed and also remains at same value for both CFI and STR. Whereas in case of unmix feed, it starts 
with high PDI value and then increases very sharply with decrease in diffusivity coefficient in STR and 
rather slow rise in CFI proving CFI being better mixer than STR. This constancy of PDI for pre-mix feed 
irrespective of type of reactor indicates the importance of mixing for controlling the quality of product. In 
case of DPn (Fig.2(d)), again it can be observed that it is higher and also it decreases much slowly in case of 
pre-mix feed compared to unmix feed for both CFI and STR. This again proves the importance of pre-mix 
feed and mixing for controlling the quality of the product. Here again CFI proves better than STR for unmix 
feed case showing superior mixing over STR under similar conditions. 
As can be seen clearly, the impact of mixing is quite tremendous & significant on each parameter. Good 
mixing is always leading to better and desired results as the effect of decrease of diffusivity coefficient is 
much less in case of completely pre-mix feed on the parameters compared to the case of unmix feed where 
the parameters are changing quite drastically. As can be observed, the variation in CFI is much less as 
compared to STR for both pre-mix as well as mix feed case as the mixing is better in CFI.  
This work clearly establishes the importance of mixing as well as pre-mixing of feed to the reactor. As DPn  
& PDI are parameters for designating the product quality, CFI is clearly shown here to handle them better 
and more consistently compared to STR thus proving its worth as reactor too. 
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Perspectives 
The work presented here started in January 2010. The new transformations of polymerization reactions were 
successfully verified with the analytical results and this work will now be extended to other reactions where 
the kinetics can be modeled by similar equations.   
The goal of the DIP² project is to propose a reproducible and intensified process to synthesize architecture-
controlled homopolymers and copolymers in a pilot plant. One novelty of this project is the intensive use of 
numerical simulations to scale-up a microfluidic process up to a pilot-plant scale. Another point is that for 
the numerical scale-up to be realistic, the modeling of the reaction has to be improved. This modeling relies 
on the knowledge of the viscosity, the density, the thermal diffusivity and the scalar diffusivity. During the 
polymerization reaction, these parameters depend on the monomer/polymer concentrations, on the 
temperature and on the shear rate. We will have to quantify and to model this dependency. This will be 
achieved in the collaboration with experimentalists from LIPHT and will be presented in the CFM11 for 
simple and complex reactions. 
Notations 
Ci        Concentration of species i (mol/l) 
Cp       Fluid specific heat capacity (J/kg/K) 
Di        Diffusion coefficient of species i (m2/s) 
DPn     Number-average degree of polymerization 
F Initiator efficiency, dimensionless 
k          Fluid thermal conductivity (W/m/K) 
k kinetic coefficient 
L          Kinetic chain length or reactor length (m) 
P          Pressure (Pa) 
Q         Heat source (W/m3) 
Ri        Rate of production of species i (mol/l/s) 
t          Time (s) 
T         Temperature (K) 
u         Velocity vector (m/s) 
XM      Monomer conversion, dimensionless 
Greek symbols 
λ Moment of living polymer number chain length distribution, (mol/l) 
μ         Viscosity of fluid (Pa.s) 
μ Moment of dead polymer number chain length distribution, (mol/l) 
ρ          Density of fluid (kg/m3) 
Subscr ipt 
d Dissociation 
i Species i 
I           Initiator 
M         Monomer 
p Propagation 
tc Termination 
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